Studies of Rydberg atom collision processes, especially those with small reaction rate constants, are frequently complicated by spurious background signals associated with photoionization by thermal blackbody radiation and with ionization resulting from collisions with background gas. Here we demonstrate that the magnitude and relative importance of the signals that result from these processes are strongly influenced by the presence of an applied electric field. Possible causes of this dependence are discussed.
Because of their large physical size and small binding energy, atoms in which one electron is excited to a state of large principal quantum number (nտ10) possess unusual collisional properties. In particular, for collisions with neutral targets, the separation between the excited electron and the inner core ion is such that the atom behaves simply as a pair of independent scatterers ͓1͔. Earlier work in this laboratory ͓2-4͔ and elsewhere ͓5͔ using high-n Rydberg atoms has shown that the study of collision processes that are dominated by the ͑binary͒ electron-target interaction can provide new insights into low-energy elastic and inelastic electronmolecule scattering. Studies of Rydberg atom collisions at low-to-intermediate n, however, are frequently complicated by photoionization ͓6͔ and photoexcitation ͓7-10͔ resulting from thermal ͑300 K͒ background blackbody radiation ͑BBR͒ and by state changing and ionization induced by collisions with background gas ͓11͔. Spurious signals associated with these processes must be identified and properly taken into account when analyzing data recorded with a target gas present, especially if the reaction rate associated with the process of interest is small. Surprisingly, during a series of measurements of Rydberg electron transfer to attaching targets, we observed that the magnitude and relative importance of the spurious background signals associated with photoand collisional ionization were strongly influenced by the presence of an applied electric field. Here we report an experimental investigation of this behavior and discuss its possible causes.
The present work grew out of a study ͓2͔ of Rydberg atom collisions with c-C 7 F 14 , which lead to the formation of free electrons and long-lived C 7 F 14 Ϫ ions via the reactions
These studies were undertaken using the apparatus shown in Fig. 1 , which is described in more detail elsewhere ͓2,3͔. Briefly, potassium atoms contained in a collimated thermalenergy beam are excited to a selected np state using the output of an intracavity doubled Rh6G ring dye laser. The output of the laser is formed into a series of ϳ1 s duration pulses with a repetition frequency of ϳ5 kHz using an acousto-optic modulator. Excitation occurs in a weak dc field ͑ϳ1 V cm Ϫ1 ͒ and ͑typically͒ in the presence of a target gas near the center of an interaction region defined by a pair of fine-mesh grids. Electrons produced either by reaction ͑1a͒ or by background processes are immediately accelerated out of the interaction region by the weak field. They then enter the lower drift region and after traversing this are detected by a position sensitive detector ͑PSD͒. The total time from creation to detection is Շ100 ns. The weak dc field, however, does not rapidly accelerate positive and negative ions from the interaction region. ͑For a field of 1 V cm Ϫ1 , the residence time of a C 7 F 14 Ϫ ion in the interaction region is ϳ25 s.͒ To extract and measure these ions, a stronger pulsed electric field with a rise time of ϳ1 s and duration of ϳ5 s is applied. The positive ͑negative͒ ions are directed into the upper ͑lower͒ drift regions that serve as time-of-flight mass spectrometers. The voltages on the drift regions are selected such that the ion flight times to their respective detectors are ϳ10 s. Thus even after the application of the pulsed field, no ions will be detected for a period of ϳ10 s, during which time any signal recorded by the lower PSD must be associated with electron production.
It was observed during studies of reactions ͑1a͒ and ͑1b͒ that application of the pulsed extraction field resulted in a marked increase in the electron production rate, even in the absence of target gas. This is illustrated in Fig. 2 , which shows the electron signals measured using K(20p), K(23p), and K (26p) ©2000 The American Physical Societygas present. ͑The background gas pressure was measured to be ϳ1.2ϫ10 Ϫ7 torr using an ionization gauge.͒ The observed spurious background signals depend on both n and the applied field. To test that these variations in signal were a real effect and not an artifact associated with, for example, changes in electron-transport efficiency or electron-impact energy at the PSD, the potentials applied to the lower drift region and the input face of the PSD were varied over a wide range. No significant changes ͑տ10%͒ in the measured count rates were observed.
In the absence of a target gas, electron production can result from thermal BBR-induced photoionization or from ionization in collisions with background gas. To identify the relative importance of these ionization channels, a series of measurements was undertaken in which H 2 O was admitted to the interaction region. Although H 2 O is not the only constituent of the background gas, it is likely to be the principal component and has a sizable cross section for collisional ionization via transfer of rotational energy from the ͑polar͒ target molecule to the excited Rydberg electron in a dipoleallowed J→JϪ1 rotational transition ͓12͔. Representative data recorded with K(20p) and K(26p) parent atoms are presented in Fig. 3 , which shows the electron production rate observed before and during application of the pulsed field for several different H 2 O target gas pressures. For reference, the time dependence of the applied field is also shown. Because the natural lifetime of the parent atoms is relatively long ͑տ20 s͒, the initial electron production rates in the weak field are essentially constant. The electron signal increases markedly as the electric field ramps up ͑this will be discussed in more detail later͒ but becomes constant again once the field has reached its maximum value. The presence of H 2 O target gas leads to a dramatic increase in the ionization rate. The ionization signal that results from collisions with H 2 O target gas, i.e., the difference between the signals observed with and without H 2 O admitted, was found to increase approximately linearly with target gas density, indicating that single collision conditions apply for the present range of H 2 O pressures. Assuming that H 2 O is the dominant residual gas, an estimate of the ionization signal associated with background gas collisions can be obtained by scaling the increase in ionization signal observed when H 2 O target gas is admitted to a pressure equal to that of the background gas. The resulting predictions are included in Fig. 3 . Comparison of these predicted signals with those actually observed when only residual gas is present suggests that the spurious background ionization signals observed at large applied fields result primarily from BBR-induced photoionization, whereas at small fields collisional ionization provides a major contribution, which increases with increasing n ͑i.e., as the binding energy of the Rydberg electron decreases͒.
The data in Fig. 3 demonstrate that the rate for collisional ionization by H 2 O is increased by the presence of a field. Such an increase is not unexpected since the presence of a field F lowers the classical ionization threshold by an amount FIG. 2 . Background electron production rates ͑signal͒ as a function of the applied field for K(20p) ͑᭝͒, K(23p) ͑᭹͒, and K(26p) ͑ᮀ͒ parent atoms. Each data set corresponds to the same initial number of Rydberg atoms and was recorded with only residual gas present.
FIG. 3. Time dependence of the electron production rate ͑signal͒ before and during application of a strong pulsed electric field for ͑a͒ K(20p) and ͑b͒ K(26p) parent Rydberg atoms and several H 2 O target gas pressures. Each data set corresponds to the same initial number of Rydberg atoms. The time dependence of the applied field is also indicated. The H 2 O target gas pressures are in ͑a͒ Aϭzero ͑residual gas only͒, Bϭ1.1ϫ10 Ϫ6 torr, Cϭ2.2ϫ10 Ϫ6 torr, and in ͑b͒ Aϭzero ͑residual gas only͒, Bϭ4.5ϫ10 Ϫ7 torr, Cϭ8.5 ϫ10 Ϫ7 torr, and Dϭ1.8ϫ10 Ϫ6 torr. The dashed lines provide an estimate ͑see text͒ of the spurious background electron signals that might be expected from collisions with residual gas. ⌬Eϭ2ͱF ͑a.u.͒. As a result, ionization is possible through rotational transitions that involve lower initial values of J, allowing a greater fraction of the molecules in a thermal rotational distribution to contribute to ionization. This effect might, in part, account for the gradual increase in the ionization signal evident in Fig. 2 at the lower field values, but it cannot account for the dramatic steplike increases observed at higher fields.
Rotational energy transfer can also populate higher-n states. Field ionization of such states provides the major contribution to the large peak in electron signal that is observed during the electric-field ramp ͑see Fig. 3͒ . ͑Minor contributions to this signal might also result from the field ionization of high-n states produced by BBR-induced photoexcitation.͒
The origin of the steplike increases in the ionization signals evident in Fig. 2 can be understood by reference to Fig.  4 . Figure 4͑a͒ shows the applied field dependence of the measured electron signal for parent K(20p) atoms. The data are normalized to the electron signal observed in the initial, weak ͑1 V cm
Ϫ1
͒ field. Figure 4͑b͒ shows the calculated Stark energy level structure for potassium in the vicinity of the K(20p) state ͓13,14͔. ͑The quantum defect for K(np) states is ϳ1.7.͒ Comparison of these calculations with the experimental data shows that the sharp increase observed in the ionization signal coincides with the location of the first avoided crossing between the parent K(20p) state and the nϭ18 Stark manifold. Similarly, the prominent increases for parent K(23p) and K(26p) atoms evident in Fig. 2 also coincide with the fields at which the first avoided crossing between the parent state and its neighboring Stark manifold occurs, which scale as n Ϫ5 . The calculations show that for fields below this crossing, the parent state retains essentially all of its p character. Following adiabatic passage to higher fields, however, the parent state assumes the character of the uppermost states in its neighboring Stark manifold. Thus given that the present electric-field slew rates of 100-200 V cm Ϫ1 s Ϫ1 are well below the Landau-Zener limit for 10% diabatic passage ͓13͔, the character of the parent state must change rapidly in the vicinity of the avoided crossing from a purely np state to a superposition of low-angular-momentum (lϳ2 -10) states. Prior to this hybridization, the photoionization cross section is governed primarily by the dipole matrix elements that couple the initial np state with the s and d components of the final continuum states. Once Stark mixing has occurred, the photoionization cross section will include contributions from several low-l continuum states, suggesting that the BBR-induced photoionization rate might increase. Indeed, calculations predict that for n ϭ20, 20-30 % of the oscillator strength is transferred above the classical ionization threshold once the initial state is fully hybridized. A small increase in the photoionization rate might also occur below the first avoided crossing as a result of the lowering of the ionization threshold.
The present work further demonstrates that BBR-induced photoionization and ionization through collisions with residual gas can provide significant background signals in studies of Rydberg atom collision processes, and shows that the size of these signals can be changed dramatically by the presence of an electric field. These spurious background signals and their field dependence must be properly identified and accounted for in analyzing collision data. This is especially important if the rate constant associated with the ionization process under investigation is small. Although the present work focused on K(np) Rydberg atoms, calculations suggest that similar effects are to be expected for any low-l alkali-metal states that, in zero field, are well separated from other neighboring states.
